Stream and soil samples were screened for microorganisms that would use alginate from mucoid Pseudomonas aeruginosa as the sole carbon and energy source. A pure culture containing large aerobic rods was isolated. The cells were about 0.8 by 2.5 Fm in size, had lateral or peritrichous flagella, had a negative Gram stain reaction, and produced spores on sporulation medium. Purified DNA was approximately 46 mol% G+C as measured by thermal denaturation. From these and other biochemical tests, the organism was identified as Bacillus circulans. The enzyme activity that degraded alginate appeared in the culture medium. Upon gel filtration, alginase activity eluted as a single peak at a position corresponding to a protein of 40,000 daltons. Activity recovered from this one-step, partial purification showed apparent endomannuronidase specificity. Like other alginases previously reported, the enzyme appeared likely to be a lyase (or eliminase). However, no Bacillus species or other gram-positive bacteria have heretofore been reported to produce extracellular enzymes with alginase activity. Several other B. circulans strains from the American Type Culture Collection also appeared to have inducible extracellular alginase activity.
Besides brown algae (23) , several bacteria can produce alginate, an unbranched polysaccharide polymer without repeating subunit structure, that contains alternating blocks of poly P-D-mannuronate and poly at-L-guluronate in 1, 4 linkages, as well as blocks in which both uronic acid salts occur. Bacterial producers include Azotobacter vinelandii (13) and Pseudomonas aeruginosa (11) . Isolation of mucoid P. aeruginosa from the human lung is almost pathognomonic for cystic fibrosis (20) ; the mucoid trait is due to large amounts of high-molecular-weight, viscous alginate (4, 11) . The role and the extent of alginate production by bacteria are not well defined. It has been suggested that a polyanionic glycocalyx such as alginate functions in nature to promote attachment of alginate-enclosed microcolonies to inorganic or epithelial cell surfaces or as an ion-exchange matrix to concentrate scarce nutrients (4, 19) . Although the cystic fibrosis lung appears to select for mucoid P. aeruginosa, other soil pseudomonads also appear to have the capability to make alginate (16) .
Numerous bacteria can produce enzymes that degrade alginate, but most of these reported alginase-producing bacteria are marine isolates active in algal cell wall decomposition (8, 32, 34 ; also, see references in reference 34) . Fewer characterized alginases have been isolated from bacteria of terrestrial origin: examples include those from Pseudomonas spp. (33) , from Klebsiella aerogenes (1) and from an A. vinelandii bacteriophage (6) . Curiously, although decomposition of alginate by microorganisms appears to be performed almost entirely by eubacteria, as first reported by Waksman et al. (35) , few if any gram-positive bacteria have been identified as producers of alginase (32) .
The alginase enzymes characterized to date, including those from non-bacterial sources, all appear to catalyze a lyase (eliminase) reaction, in which a nonreducing zA4,5 unsaturated bond is produced during cleavage of the uronic acid polymer (27, 32) . Different alginases show a preference for guluronate or mannuronate blocks in the alginate polymer; thus, they can be distinguished as guluronidases or mannuronidases (6, 7, 8, 32) . We wished to obtain research amounts of alginase, and so we initiated our own screening of terrestrial samples for microorganisms that produce alginase. We describe here a bacterial producer of alginase and the initial characterization of that enzyme. The bacterium is a Bacillus sp. This is novel since there has been a paucity of reported gram-positive alginase producers.
Portions Determination of mole percent G+C. Cells grown with aeration in complex medium were harvested by centrifugation, and the DNA was extracted and treated as described by Marmur (22) . Protein was removed from the DNA by treatment with 5 M NaClO4 and chloroform-isoamyl alcohol extraction. DNA was then precipitated, dissolved in SSC (15 mM NaCl plus 15 mM sodium citrate, pH 7.0), treated with RNase A (Sigma), extracted with chloroform-isoamyl alcohol, precipitated again, and dissolved into 0.1 x SSC (22 Extracellular protein and protein in the pooled peak were electrophoresed through a sodium dodecyl sulfate-polyacrylamide gel, using a 6% stacking gel and a 10% separating gel (18) . Protein size standards were from Bio-Rad, and proteins were visualized by silver staining (24) .
Determination of enzyme specificity. The enzyme preference for poly-D-mannuronate or poly-L-guluronate and the mode of cleavage (endo or exo) were determined by the thiobarbituric acid test (36) and urea-polyacrylamide gel electrophoresis (9) . Freeze-dried alginase (1,200 U, partially purified by gel filtration as described above) was resuspended in 3.0 ml of buffer (30 mM sodium-potassium phosphate, 20 mM magnesium chloride, pH 5.8). The substrates were sodium salts of high-molecular-weight alginate (from Laminaria hyperborea and Macrocystis pyrifera obtained from Kelco, Inc., San Diego, Calif.) and chemically purified alginate blocks. The high-molecular-weight alginate substrates were polydisperse, with an average degree of polymerization greater than 500 (molecular weight, >100,000). The alginate blocks were prepared from M. pyrifera alginate by partial acid hydrolysis as previously described (8) . The purified alginate blocks were at least 97% homopolymeric (guluronate or mannuronate), and had an average degree of polymerization of 24 (molecular weight, ca. 4,800) as determined by 1H-nuclear magnetic resonance (8, 9 ether)-N,N'-tetraacetic acid, 50 mM Tris, pH 7.5], subjected to urea-polyacrylamide gel electrophoresis, and stained for negatively charged polysaccharide with 0.1% toluidine blue 0 as described by Doubet and Quatrano (9) . The gels were standardized with 4X174 replicative-form DNA HaeIII restriction fragments (Bethesda Research Laboratories, Bethesda, Md.). The enzyme preparation contained some thiobarbituric acid-and toluidine blue 0-positive materials (equivalent in migration on gels to about 5 p,g of guluronate blocks), but this background did not change during the time course and was subtracted from the experimental data for the thiobarbituric acid test. RESULTS Isolation and identification of a B. circulans that produces alginase. When 14 soil and stream samples were incubated with shaking at room temperature in the alginate-minimal salts-0.5% yeast extract enrichment culture, 2 showed turbid growth and decrease in the viscosity of the medium after 1 week. One was a mixed culture that included a fluorescent pseudomonad; when the two predominant bacteria in the mixed culture were purified, neither had alginase activity (by the decreased viscosity criterion), and the activity was not reconstituted by mixing the two. However, the other primary enrichment culture could be purified to an axenic culture that retained the ability to decrease medium viscosity. Furthermore, yeast extract was dispensable from the growth medium. The purified microorganism was designated strain JBH2.
Strain JBH2 was identified as B. circulans by the following criteria. The cells were rods, about 0.8 p.m in width and 2.5 pum in length. Their Gram stain reaction was negative, but after growth on sporulation medium, round refractile bodies appeared at a central-terminal location in the cell (without distending the cell wall). These spores were resistant to heating at 80°C for 10 min. The bacterial cells were motile, swarming on certain solid media, and displayed lateral or peritrichous flagella. Strain JBH2 was an aerobe, failed to grow at 50°C, was catalase positive and Voges-Proskauer negative, was able to hydrolyze starch, did not produce acid and gas from glucose, and produced a final pH of 5.8 in Voges-Proskauer broth. The cell DNA was 46 mol% G+C. All of these data were consistent with the identification of strain JBH2 as a B. circulans strain.
Production of the alginase enzyme and characterization of reaction conditions. Growth of strain JBH2 caused reduction in viscosity of the enrichment medium, and this apparent alginase activity remained in the supernatant fraction after cells were removed by centrifugation and filtration. We therefore collected a crude supernatant fraction from cells that had been grown to stationary phase in minimal salts-0.5% P. aeruginosa alginate medium at room temperature, concentrated the protein in it by ammonium sulfate precipitation, and used that crude enzyme preparation (after dialysis) to determine optimum conditions for assay of the alginase activity. Activity was monitored by increase in absorbance at 235 nm when incubated with 0.5% sodium alginate. We found that the strain JBH2 alginase reaction required Mg2+; 10 mM Mg2+ was optimal and EDTA stopped the reaction. The pH optimum for the reaction was about 5.8 (see Fig. 1 ).
We next measured the production of extracellular alginase as a function of culture age of strain JBH2 (see Fig. 2 ). Culture samples were centrifuged, filtered, and assayed for activity. Alginase appeared to be present in the culture medium during logarithmic-phase growth; activity also continued to increase as the cells sporulated and lysed, but the increase did not abruptly coincide with lysis (Fig. 2) . The enzyme thus appeared to be found in two pools during growth: one extracellular (present in supernatant fluid during logarithmic growth) and the other cell associated (showing a slow dissociation from cell debris during and after sporulation).
Preliminary characterization of the alginase enzyme. Alginase enzyme was precipitated from the supernatant fraction by ammonium sulfate at 70% saturation; when precipitates with different ammonium sulfate concentrations (25, 33 and 40%) were examined, the enzyme was found to be distributed broadly in all the fractions and the supernatant. The precipitate from the 70% saturation was dialyzed, lyophilized, and subjected to gel filtration chromatography (Biogel 1.5 m); all alginase activity eluted as a single symmetrical peak with apparent molecular weight of 40,000 (Fig. 3) . Figure 4 shows crude protein (lane B) and proteins of the pooled fractions from the gel filtration that contained algin- ase activity (lane A) after electrophoresis through a sodium dodecyl sulfate-polyacrylamide gel and visualization by silver staining. Although a protein band with apparent molecular weight of 40,000 was enriched by the single chromatography step, the partial purification achieved did not let us unambiguously correlate alginase activity with any particular protein band(s). Substrate specificity of partially purified alginase enzyme. The partially purified strain JBH2 alginase preparation had activity consistent with that of an endomannuronidase. Figure 5 shows the reaction with different alginate substrates. Three dissimilar substrates [purified poly-D-mannuronate blocks, M. pyrifera alginate (mannuronate/guluronate ratio, ca. 1.8), and L. hyperborea alginate (mannuronate/ guluronate ratio, ca. 0.8)] were degraded at nearly equivalent rates, but purified poly-L-guluronate blocks did not act as substrate. Besides this at least 190-fold preference for mannuronate block substrate compared with guluronate blocks, an endo method of attack was suggested, as described below, by the failure to deplete substrate when the highmolecular-weight alginates were degraded, in contrast to an apparent exomannuronidase, the A3 lyase described by Doubet and Quantrano (10) , with which substrate depletion occurs. In comparing the A3 and strain JBH2 mannuronidase activities, we should first note that although the reaction conditions for each were different with regard to pH, temperature, ionic composition, and substrate concentration, the enzyme amounts used for A3 in Fig. 2 of the accompanying paper (10) and for JBH2 in Fig. 5 (this paper) gave approximately equal initial linear rates of degradation for mannuronate blocks (ca. 1.2 optical density units at 550 nm per 30 min) and just a twofold greater initial rate of JBH2 alginate activity toward L. hyperborea high-molecularweight alginate. However, the activities differed in the following way: the degradation of the L. hyperborea substrate by the partially purified JBH2 enzyme preparation continued linearly through 120 min (Fig. 5) , whereas the rate of degradation by the A3 lyase quickly diminished, even though a 2.8-fold greater concentration of substrate was present (see Fig. 2 in reference 10) . Presumably, the apparent substrate depletion with A3 enzyme is due to blockage of the enzyme by guluronate blocks after terminal mannuronate blocks have been digested. Figure 6 shows the rapid conversion of high-molecularweight L. hyperborea and M. pyrifera alginates to lowmolecular-weight products during incubation with the partially purified JBH2 alginase preparation. Lane A was protein without any substrate; some background bands of toluidine blue 0-stained material were visible at both the electrophoretic front (bottom) and midway between the origin and the front. The time 0 controls, lanes B and G, contained substrates of L. hyperborea and M. pyrifera alginates, respectively, and enzyme; undegraded substrate was seen as a dark broad band just below the origin. These bands were rapidly converted to lower-molecular-weight (i.e., higher-mobility) products after incubation with enzyme for 20 to 120 min (lanes C through F and H through K). This was in contrast to the effect of A3 lyase, the apparent exomannuronidase (accompanying paper), with which lowmobility substrate persists even after 120 min of digestion with an amount of enzyme giving an approximately equivalent initial rate of activity toward the mannuronate blocks (compare Fig. 6 , lanes C through F with Fig. 3 , lanes C and D of the accompanying paper [10] ). Presumably the A3 enzyme is halted in its exo attack when it reaches a guluronate block (10) .
Altogether, the data in Fig. 5 and 6 , especially in comparison with Fig. 2 and 3 of the accompanying paper, supported an endo mechanism as well as mannuronidase specificity for the partially purified JBH2 alginase preparation (of course, any exo activity possibly present in the JBH2 preparation would be masked by the endo activity). (12) . In the case of ATCC 15518 and ATCC 15519, the enzymes that degrade the type 8 capsule are not antigenically related (29) . When these bacteria and strain JBH2 were grown on nutrient agar or nutrient agar plus 0.5% sodium alginate at 30°C for 4 days and tested for extracellular alginase, JBH2, ATCC 15518 and ATCC 15519 all showed induced alginase activity only on the alginate supplemented plates, not on the nutrient agar alone. Furthermore, the two ATCC strains produced about three to four times as much alginase activity as JBH2 for equal amounts of cells (data not shown).
DISCUSSION
The alginase activity isolated from B. circiulans JBH2 appeared to have an endomannuronidase specificity and a cation requirement. By apparent size and optimum activity at a fairly acidic pH (5.8), the enzyme(s) responsible for alginase activity is distinct from other described bacterial alginases (1, 6-8, 17, 31, 33, 37) . Also, among bacterial alginases, enzymes with a preference for guluronate blocks seem to be more common than mannuronidases; previous exceptions to this, however, include the cell-bound mannuronidase from an unidentified gram-negative marine bacterium (8) , bacteriophage infection-associated mannuronidase of A. vinelandii (6) , and mannuronidases from Pseudomonas spp. (33 (27) , products can be separated on the basis of size by electrophoresis (9) . When the A3 lyase of Doubet and Quatrano, an enzyme with inferred exomannuronidase activity, is incubated with such substrates, the substrate is cleaved but retains its high molecular weight (10) . However, JBH2 alginase activity was more consistent with an endomannuronidase specificity. In contrast to substrate digested with A3 lyase (Fig. 3 in reference 10 ), L. hyperhor-ea substrate digested with partially purified JBH2 enzyme rapidly increased in mobility as the average chain length was reduced from greater than 500 to less than 24 within 2 h (Fig.   6 ).
Other details of the JBH2 alginase reaction are still obscure. For instance, the gel system used in Fig. 6 to evaluate the effect of digestion on substrate size does not discriminate small-sized products. and short blocks migrate with the electrophoretic front. Thus, the data in Fig. 6 and the kinetic data of Fig. 5 do not indicate what the end products of exhaustive degradation are (monomer, dimer, etc.). Furthermore, we do not know whether there is a minimum chain length necessary for activity as substrate. The JBH2 alginase used a lyase mechanism: its reaction products showed an increase in absorbance at 235 nm and reacted in a thiobarbituric acid assay to give chromophores with a maximum absorbance between 547 and 550 nm (data not shown) (32) . Overall, alginase activity seen was consistent with that of a poly(1,4-3-D-mannuronide) lyase, EC 4.2.2.3, although both further purification and substrate characterization of JBH2 alginase remain to be done.
Bacilli or other gram-positive bacteria have not heretofore been reported to produce alginase, whereas gram-negative bacteria that produce alginase have included the genera Aerobacter, Agarbacterium, Alginobacter, Alginomonas, Alterornonas, Bacteroides, Beneckea, Klebsiella, Pseudomonas, and Vibrio (1. 32; references in reference 34). Even though B. circuilans does not retain Gram stain, it is distinguished from other incompletely described alginase producers by being a strict aerobe and a spore former. It is not clear whether the alginate used as a substrate for alginase-producing B. circiulans species in nonmarine soils comes from bacterial or other sources, but it is of interest to us.
There are several interesting strains that have been included in the grouping B. circuilans, including ones that degrade mannan, cellulose, agar, or yeast cell walls (12) . However, in Bacillus taxonomy, the line around a particular species is not always so well defined. Recently, in fact, Nakamura and Swezey have shown that strains previously classified as B. circulans actually comprise 10 separate groups of genetically related organisms, as measured by DNA reassociation (25) .
Even though a mol% G+C of 46 for strain JBH2 differs from the reported values for the neotype B. circuilans strain (35%) (2) or B. circulans sensu stricto (37 to 39%) (25), it is not inconsistent with values reported by Nakamura and Swezey for 5 of their 10 genospecies (25) . Incidentally, strain JBH2 also does not appear to contain plasmid DNA (unpublished data).
